Background {#Sec1}
==========

Non-coding RNAs (ncRNAs) complement the function of protein-coding genes in housekeeping and cell regulatory mechanisms. A comprehensive annotation of ncRNAs in newly sequenced genomes therefore contributes to the identification of relevant features of each evolutionary lineage, and is relevant for understanding specific biological processes of the organisms.

In organisms with complex tissue organization as animals or plants, microRNAs (miRNAs) regulate the expression of large array of genes and affect a wide variety of biological processes. They have accumulated during metazoan evolution through an ongoing process *de novo* innovation \[[@CR1]--[@CR6]\]. Although losses of miRNA families is more common than previously considered \[[@CR7]\], a most recent comprehensive study of miRNA across metazoan phyla elucidated specific lineages in which gains of miRNA families could be associated to bursts of innovation \[[@CR1], [@CR8]\]. For example, within the Nematoda considerable gains of miRNAs occurred in the rhabditid lineage, and within the Chordata, gains occurred in the cephalochordates, vertebrates and eutherians \[[@CR8]\]. In contrast, within Nematoda losses occurred in the enoplean lineage, whereas in the Chordata losses occurred in the Tunicata \[[@CR8]\]. These results are suggestive of the involvement of miRNA in the evolution of morphological complex traits \[[@CR2], [@CR3], [@CR5], [@CR6]\], or alternatively losses of miRNAs leading to simplified traits \[[@CR4]\]. The direct mechanisms and causative inferences to test this hypothesis, however, remain to be studied.

Eight tunicate genomes have been published, including the pelagic and solitary thaliacean or larvacean *Oikopleura dioica* \[[@CR9], [@CR10]\] and seven ascidian species: three solitary phlebobranch *Ciona* species \[[@CR11]--[@CR13]\]; three solitary stolidobranch *Molgula* species, two of which have tailless larvae \[[@CR14]\]; and the colonial stolidobranch *Botryllus schlosseri* \[[@CR15]\]. Five additional genomes have been sequenced, including two solitary stolidobranch *Halocynthia* species and two solitary phlebobranch *Phallussia* species that are currently in assembly \[[@CR13]\], as well as the draft genome of the colonial aplousobranch *Didemnum vexillum* (Gittenberger, pers. com.) that is the subject of this study. Solitary tunicates have some of the smallest metazoan genomes. The *O. dioica* genome is about 70 Mb, (solitary ascidians range from 70-260 Mb). The colonial tunicates show threefold larger genomes (e.g. *B. schlosseri* is 580 Mb, and *D. vexillum* of this study is estimated to have a genome size of 542.26 Mb). Although gene expression patterns and regulatory networks of developmental processes are generally conserved among tunicates and vertebrates, substantial change has been reported for cis-regulatory regions, which differ considerably even among closely related species \[[@CR13], [@CR14]\]. It is not known whether the rapid rate of evolution and mutational change observed for cis-regulatory regions in the non-coding regions of tunicate genomes is related to the rapid rate of loss of tunicate miRNAs, as well as to fast evolution of other ncRNAs.

Tunicates exhibit an atypically evolutionary plastic repertoire of miRNAs. In contrast to most other animal phyla, entire miRNA families are readily lost, while at the same time there is also extensive gain of lineage-specific families. The changes of the miRNA complement are most extreme in *O. dioica* \[[@CR4]\] but can also be observed to a lesser degree in *C. intestinalis* \[[@CR8], [@CR16]--[@CR19]\] and *Molgula* sp. \[[@CR14]\].

In addition to gains and losses, several evolutionary ancient families have diverged far enough in sequence that they are no longer easily recognizable. For example, the "tunicate specific" *mir-1473* family has diverged substantially but can be traced back to the *mir-100* family that dates back to the bilaterian ancestor \[[@CR20]\]. Another particularity related to the plastic repertoire of miRNAs in *Ciona*, which may also occur in other tunicates, relates to the expression of stable and conserved forms of microRNA-offset RNAs (moRs) that are are processed from extended miRNA precursors \[[@CR21]\] using the intrinsic miRNA machinery. Although moRs are also present in human \[[@CR22], [@CR23]\], they seem to be particularly abundant in tunicates. The reorganization of the tunicate miRNA system is likely linked to major lineage-specific changes in developmental pathways.

Beyond miRNAs, much less in known about other tunicate ncRNAs. To continue the characterization of additional ncRNAs, in this study we complement other homology based approaches, furthermore, have identified some housekeeping RNAs, such as rRNAs \[[@CR24]\], nuclear RNAs \[[@CR25]\], or the 7SK RNA \[[@CR26]\]. In this study we generate computational approaches to resolve the poor conservation of ncRNAs, as has already been documented between the distantly related *Ciona* and *Oikopleura* by a computational survey for conserved structured elements \[[@CR27]\].

In the late 20th century *D. vexillum* (Fig. [1](#Fig1){ref-type="fig"}) has spread worldwide from its native range in the NW Pacific \[[@CR28]\] and has shown to be a highly successful invader species. In many locations it has become a serious ecological and economical threat as it rapidly covers extensive areas of different substrata \[[@CR29]\], such as along the sea floor or man-made artificial floats and oyster crates \[[@CR30]\]. As a consequence *D. vexillum* has received much attention among study cases of marine bio-invasions due to its rapid and aggressive expansion. Studies that focus on the adaptive or reproductive potential of this species have only recently been published, and many questions remain the life history and biology of this organism. For this reason, genomic studies of this species may reveal important aspects that make this species such a successful invader. Fig. 1Settlement plate (14x14 cm) with the white encrusting *D. vexillum* colony on the top left of which a piece was collected in December 2009 for the genome analyses

Here we focus on the annotation and analysis of the ncRNAs of the preliminary draft genome of *D. vexillum* that has been recently sequenced. This tunicate is of particular interest not only to understand the invasive potential of this organism at the genomic level, but also to reveal potential ncRNAs related to the evolution of coloniality and budding in the tunicates. The analysis of the ncRNA repertoire of *D. vexillum* in comparison with other tunicate genomes provides key resource for further investigations into the regulation of progenitor cells and tissues involved in asexual means of reproduction or budding, as well in processes of regeneration.

Results and discussion {#Sec2}
======================

***Preliminary draft of the genome assembly of D. vexillum***

Sequencing data utilized for this first *de novo* assembly was derived from one experiment of next generation sequencing described in the [Methods](#Sec18){ref-type="sec"}. The preliminary draft genome assembly of *D. vexillum* comprises 542.3 Mb of sequence distributed across 882 106 unscaffolded contigs with N50 size of 918 nt (Additional file [1](#MOESM1){ref-type="media"}: Figure S2). From the total amount of sequenced DNA (Illumina GAIIx reads) we estimate a coverage of approximately 30×. About 84.78 % of the assembly is contained in contigs less than 1 kb in length; the maximum contig length is just above 25 kb, see details in Additional file [1](#MOESM1){ref-type="media"}: Figure S1. Since ncRNAs are typically shorter than 200nt and unspliced, the short contig sizes do not pose a substantial problem for our purposes. The GC content across all the contigs is about 0.36059. Nucleotide correlation between G:C has a positive tendency contrary to the observed trend in the other nucleotide pairwise comparisons. G:C frequency distribution reports a median of 0.1804±0.0002 and in A:T the median is 0.316±0.0008. More detailed data are compiled in Additional file [1](#MOESM1){ref-type="media"}: Figures S4 and S5. correspondingly. The preliminary draft assembly can be accessed and searched at <http://tunicata.bioinf.uni-leipzig.de/>.

Homology search {#Sec3}
---------------

A homology-based search of the draft genome of *D. vexillum* with 1 111 metazoan-specific models from the Rfam (version 11) database as query resulted in annotations for 88 RNA families, among them 4 ribosomal RNAs, 57 miRNAs, 12 small nucleolar RNAs, 13 small nuclear RNAs, 1 miscellaneous RNAs and 1 long non-coding RNA. Table [1](#Tab1){ref-type="table"} provides a detailed statistical overview of the annotation. The correctness of these annotation was confirmed using several different computational strategies, including sequence comparisons with blast, hidden Markov models, and finally metazoan-specific covariance models derived from standard seed alignments of Rfam database. Instead of simply employing a single-step annotation using infernal/Rfam as in the ncRNAs annotations provided by Ensembl we employed here a multi-stage pipeline geared towards increased sensitivity. Table 1Summary of the ncRNA annotationRNA classFamiliesLocimiRNAs57100tRNAs225313rRNAs431snRNAs13115snoRNAs1216miscRNAs11lncRNAs11mt-tRNAs2124mt-rRNAs22"Families" refers to different ncRNAs, while loci refer to different position in the draft genome

The current annotation refers to an early draft of the *D. vexillum* genome. To facilitate its reuse with later genome version, Additional files [2](#MOESM2){ref-type="media"} and [3](#MOESM3){ref-type="media"} report the sequences of all identified ncRNAs and RNA elements as well as parseable stockholm alignments.

### Homology search with multiple **blast** strategies {#Sec4}

Preliminary studies showed that several ncRNAs, among them ubiquitous snRNAs, were not readily identified in the *D. vexillum* draft genome by means of simple blast or infernal searches. This observation was not unexpected given the large phylogenetic distances and the volatile evolution of at least some ncRNA families briefly outlined in the introduction. We therefore resorted to an initial search that was optimized for sensitivity and combined 8 different blast-based search strategies following the suggestions of \[[@CR31], [@CR32]\], (Table [2](#Tab2){ref-type="table"}). This resulted in a total of 17 909 979 candidate hits which were then stringently filtered in terms of both sequence and secondary structure. After cross-validation with covariance models from Rfam database (release 11) we retained 80 families of ncRNAs, distributed as follow: 3 rRNAs families, 54 miRNAs, 12 snoRNAs, 10 snRNAs, and 1 miscellaneous RNAs. In this set the families covering the largest number of genomic loci was the spliceosomal U6 snRNA detected 83 times. Table 2Applied homology search strategies for ncRNAsBlast parametersStrategy-r-q-G-e-E-WTF15−410NA6769 %24−53NA57?35−425NA10769 %44−512NA87?5(2)4−532057?6(3)5−4252010769 %7(2)4−53100057?8(3)5−425100010769 %Default1-351021199 %*-r*: reward for a nucleotide match, *-q*: penalty for a nucleotide mismatch, *-G*: Cost to open a *gap*, *-e*: Expectation value, *-E*: Cost to extend a *gap*, *-W*: Word size. The *Theoretical frequency* (TF), is the expected frequency according to the established parameters \[[@CR31]\]. The strategies 1, 2, 3 and 4 were suggested by \[[@CR32]\], while the others were modifications of the strategies written parentheses, according to \[[@CR31]\]. The '*Default*' strategy represents the predetermined parameters for *blastn* program

### Homology search using HMMs {#Sec5}

Profile HMMs were run on the *D. vexillum* genome; initial candidates where then subjected to several filtering steps to remove false positive hits: Regions that contain significant candidates by sequence alignments against any of the positive 197 profile HMMs were found. After, the cross validation of covariance models on the *D. vexillum* genome 23 ncRNA non-redundant candidates were found. These set of candidates are divided into the following categories: miRNAs (7), rRNAs (3), snRNAs (8) and snoRNAs (4) and 1 lncRNA. The ncRNA families with the largest number of distinct loci are U6 (9) and U5 (7).

### Comparison of search strategies {#Sec6}

The comparison of results of the two homology strategies shows that the ncRNAs searches require multiple combination of computational strategies to detect the diversity of structural motive of the RNA families. Less well-conserved families, such as *mir-281* (RF00967) or RMST 9 (RF01970) were detected only by the HMMs strategy. The HMM approach however missed miRNAs such as *mir-280* (RF00801) or the *Metazoan SRP* (RF00017), which are easily detectable with the blast strategies. The HMMs were also more efficient in particular with snRNAs, while blast-based strategies were efficient with rRNAs.

In order to evaluate the relative performance of the different *blast* strategies we determined their sensitivity and specificity, see Fig. [2](#Fig2){ref-type="fig"}. The strategies used in this study were good predictors of true candidates of snRNAs and rRNAs with probabilities ≥0.6 for finding the true positive candidates. Strategy 7 (Table [2](#Tab2){ref-type="table"}) performed best for miRNA and snoRNAs loci. In general the sensitivity is limited for the class of miscellaneous RNAs; here strategy 8 gave the best results, see [2](#Tab2){ref-type="table"}. The specificity of our approach is very close to 1.00, except for rRNAs, which require manual curation to avoid false positive reports from the blast strategies. Fig. 2Sensitivity and specificity of *blast* strategies

Non-coding RNA genes in the *D. vexillum* genome {#Sec7}
------------------------------------------------

### miRNAs {#Sec8}

MicroRNAs are well known regulators of post-transcriptional gene regulation. The evolutionary ancient families such as *let-7* are involved in spatio-temporal regulation of developmental processes. The major changes in tunicate body-plans compared to their deuterostome ancestors seem to be closely linked to major changes in their miRNA repertoire \[[@CR33]\]. The annotated miRNAs are summarized in Fig. [3](#Fig3){ref-type="fig"} together with the species in which homologs are annotated. Fig. 3The plot summarizes simultaneously the miRNAs families detected on this survey and the source data that supports their prediction. The miRNA families and data source are represented by segments on the circle. miRNA families are arranged to the right side of the circle and species from which queries belong to or the HMM method used to search for homologous in *D. vexillum* are arranged around the left side. The source data is shown as merged lines originating from each species or the HMM method to its supported candidate in *D. vexillum*. Candidate location names are presented on the blue inside of the circle. Every small square under each gray band represents species or the HMM method that supports the candidate detection; they are coloured according to different taxa or method: yellow for vertebrate species, blue for basal chordates species, green for invertebrates or the single-celled organism and red for the de novo HMM method. Tags are *Anolis carolinensis* (ACA), *Branchiostoma floridae* (BFL), *Caenorhabditis elegans* (CEL), *Ciona intestinalis* (CIN), *Ciona savignyi* (CSA), *Danio rerio* (DRE), *Latimeria chalumnae* (LCH), *Oikopleura dioica* (ODI), *Petromyzon marinus* (PMA), *Saccharomyces cerevisiae* (SCE), *Xenopus tropicalis* (XTR), and (NO) to the HMMs strategy. As one example, the mir-8 family was detected for queries of 3 vertebrate species (DRE, ACA and LCH) and basal chordates (CIN and CSA); locus located on the contig dvex119671 supported by (DRE and ACA) and of two basal chordates (CIN, CSA), dvex434162 by two vertebrates (DRE and LCH) and one basal chordate (CIN), dvex462351 by (DRE) and dvex665523 by (ACA). Notice that *mir-281* was only predicted by the HMM strategy and none candidates were supported by queries from *S. cerevisiae* or the tunicate species *O. dioica*. *mir-(3,210,233,374,449,651,672)* were supported only by basal chordate data source

Covariance models were built with the sequences from metazoan species to obtain 57 specific to miRNAs. Not surprisingly, the miRNAs retrieved by means of blast are preferentially obtained with queries from *X. tropicalis* (27 families), *C. intestinalis* (24) and *A. carolinensis* (22). For several miRNA families we observe multiple genomic locations, e.g. *mir-276* (6), *mir-308* (5), *mir-8* (5), *mir-208* (4), and *mir-1* (3). Using the HMMs strategy, we could found 7 families of miRNAs with the most putative paralogs are: *mir-1* (2), *mir-216* (2) and *mir-33* (2). The ancestral organisms before tunicate emergence, we could find candidates of miRNAs that belong from *C. elegans* and *B. floridae*; because *S. cerevisiae* does not have miRNA annotations reported in Ensembl database. The ancestral set is represented only by *let-7* family that had been detected with queries from the most of species used in the homology searches. Other wide conserved miRNAs according our strategy are: *mir-33*, *mir-124*, *mir-137*, *mir-153*, *mir-194*, *mir-216*, *mir-276*, *mir-280* and *mir-574* due their presence in organisms from chordate clade (Fig. [3](#Fig3){ref-type="fig"}). The key miRNAs shared between *O. dioica* and the *Ciona* species, (*let-7*, *mir-1*, *mir-7*, *mir-31*, *mir-92*, *mir-124*, and *mir-280*) are also present in *D. vexillum* with the exception of *mir-31*. As expected *mir-1* alongside *mir-133* in cluster dating back to the bilaterian ancestor \[[@CR1]\], but it could not be associated due the fragmentation of genome. It regulates myogenesis and is expressed in both skeletal and cardiac muscle cells \[[@CR34]\].

### Small nucleolar RNAs {#Sec9}

The specific set of snoRNAs on *D. vexillum* genome are represented by 12 covariance models, all belong from C/D snoRNAs, which report the highest value of loci (3 candidates) by *SNORD14*. This candidate, together with *SNORD33*, *SNORD63* and *U3* snoRNAs, were validated by default and metazoan-specific covariance models. It is very unlikely that the 12 genes detected in this survey are the complete snoRNA complement of *D. vexillum*. Most likely the fact that snoRNAs have not been systematically investigated in tunicates and their relatively poor sequence conservation severely limits the sensitivity of our survey.

### Ribosomal RNAs {#Sec10}

From the detected rRNA set, we found 4 of the 6 covariance models searched on *D. vexillum* genome. We annotated 32 loci for the *5S rRNA*. The *5.8S ribosomal subunit* was identified in 5 loci. Both the default and the metazoan-specific covariance models identify a *18S rRNA*, (the Small ribosomal subunit) as a locus comprising 1737 nucleotides. The Large ribosomal Subunit (*LSU rRNA*) was found in 2 loci, but the evaluation by the RFAM covariance models (version 12) reported about 33 additional candidates, but their length were not enough to be consider as true candidates. The complete ribosomal RNA operon is located on the single contig *dvex114581*. To discard suspicious candidates among the 32 5S rRNA loci, structural alignments and comparisons with the current loci in *C. intestinalis* (7), *C. savignyi* (10) and *B. schlosseri* (9) were performed using RNAalifold \[[@CR35]\], resulting in a best estimate of 24 intact 5S rRNA genes (Additional file [4](#MOESM4){ref-type="media"}).

### Small nuclear RNAs {#Sec11}

The spliceosome involved several highly structured small nuclear RNAs. Our survey identified multiple copies. As usual, most of the snRNA components of the major spliceosome appear in multiple copies: *U6* (83), *U5* (12), *U1* (6), *U2* (3). On the *U4* snRNA appears to be single copy gene. The minor spliceosome, which is absent in *O. dioica* \[[@CR25]\] is clearly present in *D. vexillum* as there are two copies *U11* and a single copy each of the *U4atac*, *U6atac*, and *U12* snRNAs. Candidate predictions are listed in Additional file [5](#MOESM5){ref-type="media"}: S3.

One copy of both, the highly conserved *SRP RNA* (RF00017) and *RNAse P RNA* (RF00009) (which in the Rfam are classified as a miscellaneous RNA) were also identified. The *RNase MRP RNA* was found in two loci. A single locus harbors the *7SK snRNA*.

### Transfer RNAs {#Sec12}

The *D. vexillum* genome contains 1464 tRNAs and an additional 3849 tRNA pseudogenes as determined by tRNAscan-SE. These decode all standard aminoacids (Fig. [4](#Fig4){ref-type="fig"}). The most common anti-codon is *tRNA*~*SeC*~ with 361 genes and the rarest is *tRNA*~*Cys*~ with only 14 copies. Not all anti-codons, however, are represented by their own tRNA. For the following seven anti-codons we did not detect a corresponding tRNA: *tRNA*~*Asp-ATC*~, *tRNA*~*His-ATG*~, *tRNA*~*Cys-ACA*~, *tRNA*~*Gly-ACC*~, *tRNA*~*Ser-ACT*~, *tRNA*~*Phe-AAA*~ and *tRNA*~*Tyr-ATA*~. Fig. 4Summary of the *D. vexillum* tRNAs genes. Pie charts indicate the fraction of the different anti-codons within each isoacceptor family

There is also no candidate for a *tRNA*~*Supressor-CTA*~. The extremely large number *tRNA*~*SeC*~ is highly unusual. It appears as a single-copy gene in many eukaryotes and even in the large vertebrate genomes there are no more than about 20 copies as a search in the gtRNAdb \[[@CR36]\] shows. In other tunicates no unusual proliferation of *tRNA*~*SeC*~ genes was observed (Additional file [5](#MOESM5){ref-type="media"}: S4, S5).

Both the total number of tRNAs and the anti-codon frequencies vary considerably between tunicates. The missing anti-codons are specific to *D. vexillum*. On the other hand, *tRNA*~*His-GTG*~, *tRNA*~*Ile-GAT*~, *tRNA*~*Lys-TTT*~, *tRNA*~*Phe-GAA*~, *tRNA*~*Thr-GGT*~, and *tRNA*~*Val-GAC*~ are substantially more abundant in *D. vexillum* than in other tunicates, and *D. vexillum* is the only tunicate with a *tRNA*~*Pro-GGG*~ tRNA (Additional file [5](#MOESM5){ref-type="media"}: S4). The number of 3849 pseudogenes is exceptional among tunicates, where the largest number reported so far is 864 pseudogenes in *B. schlosseri*. For comparison, the vertebrate *L. chalumnae* features 26 660 tRNA pseudogenes (see Additional file [5](#MOESM5){ref-type="media"}: S6).

To evaluate whether tRNA genes have a tendency to aggregate in genomic clusters, we followed the strategy implemented to study tRNA gene organization in other eukaryotic genomes \[[@CR37]\]. Almost 99 % of the *D. vexillum* tDNAs are not grouped into clusters, similar to the situation *O. dioica* and in contrast to the *C. intestinalis* and *B. schlosseri* (with about 40 % of tDNA in clusters) and the extreme case *C. savignyi* (90 % of tDNA in clusters). While the other tunicates, like most other eukaryotes, predominantly form direct tandem copies, there is an elevated level of head-to-head and tail-to-tail arrangements in *D. vexillum* (Additional file [5](#MOESM5){ref-type="media"}: S7). Large variations in the number of pseudogenes and organization of tDNAs have previously been observed in many other clades, including primates \[[@CR37]\] and thus are not at all unexpected among tunicates.

### Miscellaneous RNAs {#Sec13}

We found 1 type of miscellaneous RNAs (misc_RNAs). SRP RNA and RNAse P have been discussed already in the section on snRNAs. Among the RNA elements, we had found a single K10_TLS element (RF00207). Since the K10 transport/localization element that is thought to be Drosophila-specific we suspect that this is a false positive hit. The HMM strategy furthermore resulted in hits to 34 families of bacteria and archaea sequences, which we removed from 35 *D. vexillum* fragments because they are most likely contaminations and or false positive hits.

### Long non-coding RNAs {#Sec14}

The scope of lncRNA annotations by homology is very limited due to their low levels of sequence conservation. The Rfam database therefore lists only a small number of well-conserved elements. The HMM-based search identified a plausible homolog of RMST 9, the conserved region 9 of the Rhabdomyosarcoma 2 associated transcript, which has been associated with neurogenesis processes by its interaction with SOX2 \[[@CR38]\]. To check whether this surprising hit is likely to be a true positive we also investigated the genomes of *C. intestinalis*, *C. savignyi*, *B. schlosseri* and *B. floridae* and found putative homologs with *p*\<10^−3^ and cmsearch identifies these sequences with *E*\<10^−9^. The corresponding multiple sequence alignment can be found in Additional file [5](#MOESM5){ref-type="media"}: S8. At least parts of the RMST lncRNA are thus conserved across chordates, making it one of the best conserved lncRNAs.

### Mitochondrial RNA genes {#Sec15}

The sequences of two clades of *D. vexillum* were reported recently \[[@CR39]\] (clade A: NC_026107.1, clade B: KM259617.1). Both contain two ribosomal RNAs and 24 tRNA genes. In addition to the expected two distinct mt-tRNA-Leu and mt-tRNA-Ser genes, the mt-tRNA-Gly and mt-tRNA-Met appears in two loci. We compared these sequences to the draft genome assembly and found that most candidates are located on the contigs *dvex511209* and *dvex132202*. The latter hosts both mitochondrial rRNAs. Based on pairwise alignments of rLSU sequences of clade A and B to the draft genome, we observed near perfect sequence identity between the draft genome and the clade A mitogenome, while the clade B mt-rRNA show 1.5--4 % divergence. The sequenced *D. vexillum* genome thus clearly belongs to clade A. The mitochondrial contigs are provided as Additional file [6](#MOESM6){ref-type="media"}.

### Comparative analysis of the distribution of snoRNAs and miRNAs of *D. vexillum* and other tunicates {#Sec16}

Predicted miRNAs, snRNAs, and snoRNAs of *D. vexillum* were compared with other metazoan species including other tunicates using Dollo parsimony \[[@CR40]\] implemented in Count \[[@CR41]\] to reconstruct the corresponding gene family history. The inferred gain and loss events are summarized in (Fig. [5](#Fig5){ref-type="fig"}[a](#Fig5){ref-type="fig"}, [b](#Fig5){ref-type="fig"} and [c](#Fig5){ref-type="fig"}). In order to determine the presence or absence of a family at the nodes representing the ancestor of Olfactores, Chordata, etc., we used all available information, not only the ncRNA complement of the representative vertebrate or lophotrochozoan species. Fig. 5Evolution of snRNA, snoRNA, and miRNA families. A the terminal branches of the phylogenetic tree we report the number of families annotated by this study. At the interior nodes the inferred number of families present is shown in black. Gain/loss events are displayed along the edges with green and red numbers, respectively. Abbreviations for species names: Prot: Protostomia, Cel: *C. elegans*, Bfl: *B. floridae*, Odi: *O. dioica*, Bsc: *B. schlosseri*, Dvex: *D. vexillum*, Cin: *C. intestinalis*, Csa: *C. savignyi*, Pma: *P. marinus*, Dre: *D. rerio*, Lch: *L. chalumnae*, Xtr: *X. tropicalis* and Aca: *A. carolinensis* ***a*** *snRNAs. The snRNA families included were: 7SK, Rnase MRP, Rnase P, SRP RNA, U1, U2, U4, U5, U6, U11, U12, U4atac, U6atac, vault RNA, Y RNA and SmY.* ***b*** *snoRNAs.* ***c*** *miRNAs.* ***d*** *Venn diagram for shared miRNAs*

As expected, the snRNA complement is highly conserved throughout metazoans, with the notable loss of the minor spliceosome in *O. dioica* \[[@CR25]\]. In the lamprey *P. marinus* no homolog of the U11 snRNA has been identified so far. As expected, nematode-specific SmY RNAs involved in trans-splicing were observed only in *C. elegans* \[[@CR42]\]. In our searches in the *B. schlosseri* or *O. dioica* genomes we did not find homologs of the 7SK RNA (Fig. [5](#Fig5){ref-type="fig"}[a](#Fig5){ref-type="fig"}), which is involved in the regulation of transcription elongation via P-TEFb and RNA polymerase II \[[@CR43], [@CR44]\]. However, we suspect that these absences reflect limitations of our homology search, and not true losses.

Our analyses show a sharp contrast between the repertoire of snoRNAs in the genome of the metazoan ancestor and the chordate ancestor. snoRNAs are generally involved in RNA processing \[[@CR45]\]. Only 11 snoRNAs could be identified unambiguously in the bilaterian ancestor, whereas 58 snoRNAs were predicted for the chordate ancestor (Fig. [5](#Fig5){ref-type="fig"}[b](#Fig5){ref-type="fig"}). Similar numbers of snoRNA families were maintained in the amphioxus *B. floridae* (60 in total), whereas Olfactores gained approximately 18 snoRNAs and lost 1. Within this group, we observed remarkably large losses of snoRNA families in Tunicata (−34), in contrast to 1 loss and 6 gains in the Craniata (80). Within the Tunicata, *O. dioica* showed relatively high losses (−34) compared to 4 losses in ascidians. Colonial ascidians *B. schlosseri* and *D. vexillum* showed further losses (−14 and −12 respectively) and currently contain a repertoire of 24 and 12 snoRNAs respectively. In contrast, solitary *Ciona* species contain 16 snoRNAs. The well-conserved U3 snoRNA was found in all species analyzed, suggesting its important role in the 18S rRNA processing and SSU ribosome formation \[[@CR46]\]. Specific losses in the tunicates include loss of SNORD14 and SNORD18 in *O. dioica*, and loss of SNORD100 and SNORD15 in ascidians (i.e. Bsc-Cin-Csa clade). *D. vexillum* has lost 12 families compared to Dvex-Cin-Csa clade (SNORD16,24, 31, 61, 63, 83, 111, 67, snoU6-53, snoU2-30, snoMe28S-Am982 and U8). Again we cannot rule out that some of the losses are artifacts of the draft genome assembly. In addition, snoRNAs evolve fairly rapidly so that some of these may have diverged so fast that they are no longer recognizable. It is an intriguing question for future research whether many snoRNAs in Tunicata have become dispensable and have been lost in Tunicata or whether they they have evolved so rapidly that they are not detectable with present-day homology search methods. In either case it will be interesting to study how the changes in the snoRNA repertoire affect RNA regulatory mechanisms in the Tunicata.

A comparative analysis of miRNAs families in tunicates is summarized in Fig. [5](#Fig5){ref-type="fig"}[c](#Fig5){ref-type="fig"} and [d](#Fig5){ref-type="fig"}. We find several patterns of recognizable trends as we analyze the conservation, loss and gain of miRNA families in tunicates compared to selected bilaterians. For instance, based in our analysis of conserved miRNA families across the bilaterians, we estimate that ancestor of the Bilateria likely contained approximately 33 miRNA families. In contrast, the ancestor of the Chordata presumably contained members of 37 miRNA families. In the cephalochordate *B. floridae*, we find the occurrence of a unique repertoire of 82 miRNA families that evolved as a consequence of many gains (+50), but also some losses (−5) \[[@CR8]\]. In the ancestor of Olfactores we presume the presence of 72 miRNA families, of which tunicates did not show losses, with the notable exception of *O. dioica* that has undergone substantial losses (−60). Within the ascidians, only *B. schlosseri* and *C. savignyi* show dramatic losses of miRNA families, −32 and −17 respectively. *D. vexillum* has lost 8 miRNA families. *D. vexillum* shows 16 families that are absent in other tunicates i.e. mir-430, mir-9, mir-130, mir-190, mir-139, mir-460, mir-315, mir-305, mir-458, mir-185, mir-233, mir-569, mir-944, mir-567, mir-2985 and mir-4068 (Fig. [5](#Fig5){ref-type="fig"}d). Comparisons of the miRNAs repertoires between the colonial tunicates (*D. vexillum* and *B. schlosseri*) on the one hand, and solitary tunicates (*O. dioica*, *C. intestinalis* and *C. savignyi*) on the other hand, show 10 microRNA families, i.e. mir-133, mir-186, mir-6, mir-279, mir-340, mir-11, mir-60, mir-592, mir-883 and mir-549 that are specific to colonial tunicates, while only 2 families, i.e. mir-31 and mir-1473, are specific to olitary tunicates. It is worthwhile exploring how colonial specific miRNAs may have been co-opted in ascidians to function in somatic stem cell function, regeneration, budding, or other asexual developmental processes, as miRNAs are know to be important players in stem cell function, and developmental processes of differentiation in vertebrates \[[@CR47], [@CR48]\].

In the selected craniate species analyzed, we find instances of miRNA family gains as has been previously suggested \[[@CR8], [@CR49]\], but we also find many losses. We find substantial gains before the ancestor of the Craniata (+24), before the ancestor of Gnathostomata (+24), and in the lizard *A. carolinensis* (+18), and observe losses in *P. marinus* (−30), *D. rerio* (−22), *L. chalumnae* (−29), *X. tropicalis* (−17), and *A. carolinensis* (−10). Overall, the general trend observed in Chordata is an increased number of miRNA families in gnathostomes when compared to lamprey (i.e. *P. marinus*) and the tunicates that have undergone substantial loss.

Conclusions {#Sec17}
===========

The survey of ncRNAs in the tunicate *D. vexillum* reported here shows an overall picture that is not unexpected for a tunicate genome. After many extensively curation steps we were able to identify most of the expected "housekeeping ncRNAs". High-quality ncRNA annotation of the first draft of the *D. vexillum* genome comprises 57 miRNAs,4 ribosomal RNAs, 22 tRNAs (of which more than 72 % of loci are pseudogenes), 13 snRNAs, 12 snoRNAs, and 1 other RNA family. Additionally, 21 families of mitochondrial tRNAs and 2 of mitochondrial ribosomal RNAs and 1 long non-coding RNA.

In line with other tunicate genome except *O. dioica* \[[@CR25]\], there is a minor spliceosome in *D. vexillum*. Not surprising, some of the most rapidly evolving and thus most difficult to find ncRNAs could not be identified. This concerns in particular the telomerase RNA and the short vault and Y RNAs. We interpret these negative results as limits on the sensitivity of our homology search, not as true losses.

While many of the evolutionary ancient miRNA families were found, our *D. vexillum* annotation shows noticeable differences to other tunicates. This is consistent with the substantial restructuring of the microRNA content observed in the other ascidian genomes for which detailed data are available \[[@CR4], [@CR16]\]. Although some missing miRNA families conceivably are artifacts of limitations of the homology search, our data clearly reflects the instability of the tunicate miRNA system as a whole. The comparative analysis of the evolution of tunicate miRNAs opens interesting avenues for future research.

Among miRNAs with lineage specific distribution there are several very interesting candidates for specific future studies into the regulation of budding and asexual reproduction (i.e. coloniality). The microRNAs mir-186 and mir-340, which are found only in colonial tunicates, act as tumor suppressors or inhibit proliferation, migration and invasion of cancer cells (antioncomirs) \[[@CR50]--[@CR53]\]; mir-592 may promote cell proliferation (oncomirs) \[[@CR54], [@CR55]\]; the microRNAs mir-340, mir-6 and mir-11 are well known to be involved in apoptosis \[[@CR53], [@CR56]\]. Some of these candidates might also play a role in regulating blastogenesis in colonial ascidians. Cell/tissue communication via exosome transport \[[@CR57]\] is associated with mir-133. This well-studied microRNAs \[[@CR58], [@CR59]\] thus might play a role in the homeostasis of ascidian colonies. Finally, mir-279 is involved neuron development, sensitivity and circadian rhythms \[[@CR60]--[@CR62]\]. It might be involved in regulating timing of blastogenesis in colonial ascidians.

The present survey of ncRNAs in the draft genome of *D. vexillum* provides a first resource for studying miRNA based regulation and its adaptation. It like will be useful to better understand the developmental and environmental adaptations of this interesting invasive species. The catalog of extensive curated ncRNAs of *D. vexillum* is furthermore an valuable resource for the annotation of the tunicate genomes that are currently being sequenced or for which a systematic ncRNA annotation is still missing.

Methods {#Sec18}
=======

Sequencing and preliminary draft assembly {#Sec19}
-----------------------------------------

On 14 December 2009 a ∼10 cm^2^ large piece of a *D. vexillum* colony was collected from a settlement plate (Fig. [1](#Fig1){ref-type="fig"}) that was deployed about six months earlier on 25 March 2009 at a depth of 1 meter from the south pier of the islet Hompelvoet (Grevelingen, The Netherlands). This concerns an enclosed marine lake with minimal tidal differences. The piece of the colony used for the genome analyses was collected from the upside of the settlement plate while the rest of the colony, i.e. on the underside, was followed in its growth as a part of a succession study focusing on ascidians up to March 2010 \[[@CR63]\]. From the collected didemnid tissue genomic DNA was isolated using the Qiagen Blood and Tissue DNeasy Kit. A paired-end library was prepared from 5 *μ*g isolated gDNA using the Illumina Paired-End Sequencing Sample Prep Kit. For library size selection a 600-bp band was cut from a 1.5 % agarose gel. The resulting genomic library was paired-end sequenced in two runs with a read length of 76 nt and one run with a read length of 151 nt on an Illumina GAIIx instrument with software versions SCS2.6/RTA1.6 and SCS2.7/RTA1.7 for the 76 nt runs or SCS2.8/RTA1.8 for the 151 nt run. The Illumina GAII paired-end reads were assembled *de novo* using the CLC Bio's Genomics Workbench 4.9 software resulting 882,185 contigs comprising 542.33 Mbp of genomic sequence.

### Identification of contamination in the *D. vexillum* genome sequencing {#Sec20}

A set of 34 families of bacteria- or archaea-specific ncRNAs were detected with a high confidence in our survey (see Additional file [7](#MOESM7){ref-type="media"}: Table S1). Using blast we compared the contigs that harbored them with the RefSeq (Release 75) \[[@CR64]\] database. Contigs that matched a bacterial source with a *E*\<10^−10^, identity of \>75 *%* and high scoring pairs with a length \>20 nt are interpreted as bacterial contamination. We identified 39 *D. vexillum* contigs with homologous sequences from Eubacteria were identified.

Furthermore, to evaluate the possible levels of contamination in the current draft genome, all of these bacterial genomes were retrieved from NCBI ([\]ftp://ftp.ncbi.nlm.nih.gov/genomes/](ftp://ftp.ncbi.nlm.nih.gov/genomes/)). A contig was classified as bacterial contamination if matched with a coverage ≥70 % and a similarity ≥80 %. With this strategy, an additional set of 44 contigs was identified as bacterial contaminations. The final list of species with their associated genomic elements are described at Additional file [7](#MOESM7){ref-type="media"}: S1. A total of 79 non-redundant contigs from *D. vexillum* genome reported high scoring with bacterial genomes. See in Additional file [7](#MOESM7){ref-type="media"}: Table S2 more details. This number represents about 0.0111 % of the raw data from the draft genome which were discarded as likely false positives. After cleaning the contaminated data, the preliminary draft genome assembly reported 542.2587 Mb distributed across 882,106 unscaffolded contigs.

Data sources {#Sec21}
------------

Query sequences were retrieved from the ncRNA annotation of Ensembl (release 74), the miRBase (release 20) \[[@CR65]\] for the following animal species: *Anolis carolinensis* (ACA), *Branchiostoma floridae* (BFL),*Caenorhabditis elegans* (CEL), *Ciona intestinalis* (CIN),*Ciona savignyi* (CSA), *Danio rerio* (DRE), *Latimeria chalumnae* (LCH), *Oikopleura dioica* (ODI), *Petromyzon marinus* (PMA), *Saccharomyces cerevisiae* (SCE) and*Xenopus tropicalis* (XTR). The collection of query sequences was then subdivided according to the Rfam classification \[[@CR66]\] into the following categories: long-non-coding-RNAs (*lncRNAs*), miRNAs (*miRNAs*), hairpin miRNAs (*miRNAsh*), mature miRNAs (*miRNAsm*), miscellaneous RNAs (*misc_RNAs*), ribosomal RNAs (*rRNAs*), small nuclear RNAs (*snRNAs*), small nucleolar RNAs (*snoRNAs*), and transfer RNAs (*tRNAs*).

All data were analyzed using custom Perl and R scripts at the Computational Biology Laboratory of Universidad Nacional de Colombia.

Homology search {#Sec22}
---------------

### High sensitivity **blast** search {#Sec23}

In order to identify ncRNAs regions that could be shared between metazoan species we started from blast searches (version 2.2.25). In response to earlier observations that no single choice of parameters is capable to providing a comprehensive set of candidates we combined 8 different search strategies including those suggested by \[[@CR31], [@CR32]\]. The parameter settings are compiled in Table [2](#Tab2){ref-type="table"}.

Each query sequence was searched against the *D. vexillum* genome using all 8 parameter settings. For each hit, the sequence was retrieved from the *D. vexillum* genome and evaluated according to the following filters: A hit covers at least 40 *%* of the query length.The length of a high-scoring segment pair (HSP) exceed 20 base pairs.Query and hit have a sequence identify of at least 75 %.If two HSPs belonging to the same query sequence are located close to each other on the same strand they are merged to a single hit provided the merged sequence does not exceed 125 *%* of the query length.

Candidate hits were extended to the length expected from the query. In addition, 10 nt flanking sequences are added to on either side. The resulting candidate sequences were then evaluated with covariance models as described below.

### Candidate search with profile Hidden Markov models {#Sec24}

Profile HMMs were constructed with the hmmbuild program from HMMER (v3.1b1) project \[[@CR67]\] from the Stockholm formatted multiple seed sequence alignments retrieved from the Rfam database (release 11). The *D. vexillum* genome was searched with *E*-value cutoff of *E*≤0.01. As suggested in \[[@CR67]\] the so-called *envelope* region was retrieved as the homologous candidate region. The resulting candidate sequences were then evaluated with covariance models as described below.

Homology search with **infernal** {#Sec25}
---------------------------------

Since the multiple sequence alignments provided by the Rfam database often contain non-metazoan sequences and often even cover more than one domain of life they may lead to Covariance Models (CMs) that have a less than optimal sensitivity. We therefore extracted from the Rfam alignments all metazoan sequences, realigned them using cmalign \[[@CR68]\] and computed a new CM using cmbuild, a component of the Infernal suite (v.1.1) \[[@CR69]\]. Each of the 1 111 CMs was then calibrated with cmcalibrate to determine their threshold parameters. The calibrated CMs were then compared with cmsearch against the *D. vexillum* genome. We retained all candidate hits satisfying the following criteria: The *bitscore* of the candidate is not lower than the *gathering score* (GA) for the corresponding covariance model.*E*\<0.01.The reported hits covers at least 70 % of the length of the CM.

Overlapping hits were resolved by merging their genomic coordinates if the hits were obtained from the CM. In case of overlapping hits from different CMs the best hit in terms of *bitscore* and *E-value* was selected. We also repeated the screen using the default CMs provided by the Rfam database.

A summary of the complete workflow can be found in Additional file [5](#MOESM5){ref-type="media"}: S1 and S2.

### Transfer RNAs {#Sec26}

The tRNA genes and pseudogenes were determined using tRNAscan-SE \[[@CR70]\] with default parameters.

### Curation of final candidates {#Sec27}

For each candidate, 300nt of the flanking sequence were retrieved and aligned again to the corresponding CM, using the *global* (-g) option. The final true candidates report *E*\<0.01 and Bitscores greater than Gathering score from covariance model family. Obtaining our final set of the ncRNAs.

Candidates lacking conservation in the well-defined domains of the query even if high bitscore and low *E*-values were measured in regions of the query that poorly conserved among species more closely related to the query. Different miRNAs reported by \[[@CR8]\] and hits homologous to Ensembl miRNA queries sequences, were not classified in a correct way by covariance models as noted at Additional file [8](#MOESM8){ref-type="media"}. For further validation manual curation was performed, against miRNAs families.

Comparative annotation of snRNAs, snoRNAs and miRNAs {#Sec28}
----------------------------------------------------

The phylogenetic distribution of miRNAs, snRNAs, and snoRNAs families was determined using the following methods. We used ncRNAs annotated on bilaterian species retrieved from Ensembl. These candidate ncRNAs genes were evaluated with infernal and the covariance models from RFAM (v.11).For *B. schlosseri* we have searched for miRNAs, snRNAs, and snoRNAs using these covariance models as queries for search in the complete genome. The same filtering steps as used for the *D. vexillum* genome were used.For miRNAs we also used the annotations provided in \[[@CR8]\] for blastn searches and manual curation processes to identify the most reliable set of miRNAs families.

Derived from these data sources, we obtained miRNA, snRNAs, and snRNAs family-specific presence/absence matrices. For *D. vexillum*, we our final ncRNA annotation. For microRNAs it includes the 55 reported families and additionally, we included the 3 families corresponding to possibly highly diverged candidates listed in Additional file [8](#MOESM8){ref-type="media"}, resulting in a total set with distinct 57 miRNA families. The combined presence/absence matrices were subjected to analysis with Count \[[@CR41]\], reconstructing the family history by Dollo parsimony. The phylogenetic distribution of this species were obtained from \[[@CR71]\] (Figure 4.1) for tunicates, and for the other organisms from Ensembl compara \[[@CR72]\]. To assess presence/absence of ncRNA families at the root nodes of Olfactores, Chordata, etc., published knowledge about the phylogenetic distribution of ncRNAs families \[[@CR8], [@CR25], [@CR73]\] was used.

Sensitivity and specificity of **blast**-based searches {#Sec29}
-------------------------------------------------------

In order to estimate the relative performance of the different *blast* strategies as filter, we approximate the ground truth by our final collated annotation. For each *blast* strategies and each class of ncRNA we then determined the number of detected loci, see Fig. [2](#Fig2){ref-type="fig"} for the complete results. For each family we constructed 1000 shuffled sequences. These were then processed in the same manner as the real *D. vexillum* data to estimate the expected number of false positive predictions *FP*. Sensitivity and specificity were then computed as usual as $$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document} $$  \begin{array}{cc} \text{Sensitivity} &= \frac{TP}{TP+FN}\\ \text{Specificity} & =\frac{TN}{FP+TN}\\ \end{array}  $$ \end{document}$$

and the confusion matrix was calculated as shown at Table [3](#Tab3){ref-type="table"}Table 3Confusion matrix to measure performance parameters![](12864_2016_2934_Tab1_HTML.gif){#d30e2787}
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